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Nomadic AMPA Receptors and LTP Minireview
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Ca21 leads to recruitment of functional AMPA receptorsDepartment of Biology
at these silent synapses. Such a mechanism for an in-University of California, San Diego
crease in postsynaptic receptor units responsive to re-La Jolla, California 92093
leased glutamate could explain the electrophysiological
changes observed during LTP that have been attributed
to an increase in presynaptically released neurotrans-
Long-term potentiation (LTP) is one of the most widely mitters. In support of the silent synapse hypothesis,
studied topics in neuroscience today. LTP refers to a electrophysiological and immunohistochemical studies
long-lasting increase of synaptic efficacy that depends have revealed a substantial number of synapses that
on appropriate synapse use. Because it is rapidly ex- contain only NMDA receptors and are devoid of func-
pressed in the right place, the hippocampus, in the man- tional AMPA receptors (9%±14% in adult rat hippocam-
ner expected of a cellular substrate for particular types pus: Malinow, 1998, and references therein).
of memory, LTP has intrigued many neurobiologists. Its Additional evidence for the silent synapse hypothesis
popularity is evident in the fact that LTP has been tack- for LTP comes from studies of brain development. LTP
led by a remarkably divergent set of approaches, from has been proposed to be important for maturation of
molecular and cellular studies to those involving animal neural circuits by providing a mechanism for strengthen-
behavior. Two recent reports on LTP mechanisms are a ing appropriate connections. Accordingly, conversion
striking reminder of the surprises that scientific research of silent synapses into AMPA-responsive synapses has
can deliver (Shi et al., 1999; Zamanillo et al., 1999). The been demonstrated in various regions of the developing
new findings reveal an exciting cell biological correlate brain (Malenka and Nicoll, 1997). Although LTP has not
of LTP while cautioning us that the LTP/memory connec- been confirmed as a requirement for remodeling of neu-
tion may be less direct than many have believed. ral circuits, the coincident loss of silent synapses and
A Bit of History susceptibility to LTP favors the conversion of silent syn-
To appreciate the importance of the new findings, a brief apses as a possible mechanism for LTP expression.
account of LTP and glutamate receptors is in order. Functional AMPA receptors might be recruited to
Excitatory synaptic transmission at central synapses is awaken silent synapses in at least three different ways.
largely mediated by the AMPA-class of glutamate recep- First, they could be synthesized de novo, either in the
tors. Nevertheless, the subclass of glutamate receptors soma and rapidly delivered to the dendritic spines or
translated directly in the dendrites. Second, the recep-that have received most attention in LTP is the N-methyl-
tors already present in the postsynaptic density in anD-aspartate (NMDA) receptor family. NMDA receptors
inactive form could undergo rapid conversion into aare unique in that they are the only ligand-gated recep-
functional state upon LTP induction. Third, the dendriti-tors whose opening depends on the membrane voltage.
cally localized receptors could be recruited to the post-They remain closed under normal conditions of synaptic
synaptic density in response to a high-frequency stimu-transmission; however, in response to high-frequency
lus. This could be accomplished either by inserting anstimulation that sufficiently depolarizes the postsynap-
intracellular pool of AMPA receptors by an exocytic pro-tic membraneÐthe sort used to induce LTPÐthey open
cess or by sequestering extrajunctional cell surface re-to let in extracellular Ca21 ions. The exact mechanism
ceptors by lateral diffusion. Because the early phaseby which the resulting rise in intracellular Ca21 triggers the
of LTP expression does not require protein synthesisenhancement of synaptic strength to express LTP remains
(Milner et al., 1998), the latter two scenarios are moreto be established. Various groups have produced evi-
plausible than the first.dence favoring both pre- and postsynaptic mecha-
What are the molecular mechanisms that permitnisms, and confounding results have fueled an enduring
AMPA receptors to convert silent synapses during LTP?controversy surrounding the locus of LTP expression.
Molecular cloning has identified four homologous AMPARecently, an attractive proposal that could account
receptor subunits named GluR1 to GluR4 (or GluRAfor the apparently discordant experimental observations
to -D; Hollmann and Heinemann, 1994). In hippocampalin a single postsynaptic mechanism has gained much
CA1 neurons, most AMPA receptors contain the GluR2support (Malenka and Nicoll, 1997; but see Kullman and
subunit in heteromeric complex with either GluR1 orAsztely, 1998). This hypothesis is based on the fact that
GluR3 subunits; minor populations consist of homo-some proportion of excitatory glutamatergic synapses is
meric GluR1 or of GluR3 subunits (Wenthold et al., 1996).silent: lacking in functional AMPA receptors that mediate
The subunit composition is responsible for the observedfast excitatory synaptic transmission, but containing
differences in the functional activity of AMPA recep-NMDA receptors that are inactive under normal synaptic
tors. For example, the GluR1 subunit is phosphorylateduse. In the model, LTP paradigms activate otherwise
by serine/threonine kinasesÐprotein kinase C, cAMP-
nonresponsive synapses by triggering sufficient depo-
dependent kinase, or Ca21/calmodulin-dependent ki-
larization of the postsynaptic membrane to open the
nase IIÐimplicated in induction and expression of LTP;
phosphorylation of GluR1 at either of two serine residues
(831 or 845) potentiates AMPA receptor currents (Roche* To whom correspondence should be addressed (e-mail: ygoda@
ucsd.edu). et al., 1996; Derkach et al., 1999). The GluR2 subunit,
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in association with other subunits, confers low Ca21
permeability. Moreover, GluR1, GluR2, and GluR3 sub-
units have carboxy terminal domains that may serve to
anchor the AMPA receptors to the cytoskeleton at the
postsynaptic density; for example, GluR2 and GluR3
bind to GRIP (glutamate receptor-interacting protein;
O'Brien et al., 1998).
Surprisingly, GluR2 interacts with NSF, a protein im-
portant for many membrane fusion events, including
neurotransmitter release (Lin and Sheng, 1998). A direct
role for NSF in maintaining the pool of functional post-
synaptic AMPA receptors has been suggested by stud-
ies in which peptides or anti-NSF antibodies that disrupt
GluR2±NSF interaction reduced the size of synaptic
AMPA receptor currents (reviewed by Lin and Sheng,
1998). In the most recent report by Henley and col-
leagues (Noel et al., 1999), the inhibitory peptides
caused a selective reduction in the frequency but not
the size of AMPA receptor±mediated spontaneous re-
sponses; there were no changes in the NMDA receptor±
mediated spontaneous events. These results indicate
that upon blocking NSF-GluR2 binding, AMPA currents
are reduced by inactivating individual synapses rather
than by gradually reducing the number of functional
receptors at each synapse.
Figure 1. A Scheme for the Movement of AMPA Receptors dur-How might the interaction between NSF and GluR2
ing LTPplay a role in LTP? Recently it was demonstrated that
The distribution of GluR1 containing AMPA receptors is shown ac-blockers of membrane fusion, when injected postsynap-
cording to Shi et al. (1999). The GluR1-AMPA receptors (green olives)tically, impair LTP (Lledo et al., 1998). It is then tempting
are mostly localized intracellularly in the dendritic shaft, but someto speculate that conversion of silent synapses to
are present in the spine, and a few are associated with the postsyn-
AMPA-responsive synapses during LTP might occur by aptic density (PSD, blue ribbon). A tetanic stimulus that is sufficient
an NSF-dependent exocytic insertion of an intracellular for activating NMDA receptors and inducing LTP (big red olive),
produces a rapid redistribution of GluR1-AMPA receptors. Some ofpool of AMPA receptors.
the receptors are delivered to spines and reach the surface contrib-The latest findings of Shi et al. (1999) provide evidence
uting to an increase in synaptic currents. Others become clusteredfor redistribution of an intracellular pool of AMPA recep-
at the base of the spines (shown at the left part of the spine). Thetors to synaptic locations, including the cell surface, in
function of these clusters is unknown; the clusters may be a reserve
response to the LTP induction protocol (Figure 1). The pool or an intermediate step in the delivery to the PSD. Once inserted
activity-dependent mobility is demonstrated for the into the PSD, the newly delivered AMPA receptors may be stabilized
GluR1 subunit that normally forms heteromeric com- by binding to proteins that provide a link to the cytoskeletal ele-
ments.plexes with GluR2. In a complementary report, studies
by Zamanillo et al. (1999) establish an essential role
for GluR1 in LTP, indirectly supporting the notion that
of silent synapses, is not fully functional in dissociatedredistribution of GluR1-containing AMPA receptors to
cultures. Delineating the molecular basis for the ob-the postsynaptic density underlies the mechanism of
served difference in the targeting of GluR1 between dis-LTP expression.
sociated and organotypic cultures might reveal the mini-Activity-Dependent Redistribution
mal components required for forming mature dendriticof AMPA Receptors
spines.To monitor the suggested traffic of AMPA receptors
Within 15 min of tetanic stimulation to induce LTP induring LTP, Shi et al. transiently expressed GluR1 that
the CA1 region, the expression of GluR1-GFP at den-had been tagged with GFP in the extracellular N-terminal
dritic spines increased in a NMDA receptor±dependentdomain. GluR1-GFP that formed active homomeric and
manner. Some of the increase also occurred at the cellheteromeric channel with GluR2 was functionally ex-
surface. Moreover, the tetanus facilitated clustering ofpressed in organotypic hippocampal slices. The GFP
intracellular GluR1-GFP in the dendritic shaft, perhapslabel, however, remained mostly intracellular in the den-
readying additional GluR1-containing AMPA receptorsdrites of hippocampal CA1 neurons, and very few recep-
for delivery to the dendritic spine surface. These resultstors were targeted to the dendritic spines. The apparent
implicate GluR1 as the subunit that could be involvedlack of exogenously overexpressed GluR1-GFP in the
in waking up silent synapses during LTP. Because syn-spines suggests that there is an upper limit to the num-
aptic strength increase manifests very quickly, it remainsber of AMPA receptors that could occupy the dendritic
to be seen whether the movement of GluR1-GFP alsospines. Curiously, GluR1-GFP was efficiently delivered
occurs immediately after the tetanus and if the AMPAto spines when expressed in dissociated neurons grown
receptor redistribution is general or targeted to silentin culture. This difference may be a reflection of the
synapses.fact that the intracellular mechanism for limiting AMPA
receptors at dendritic spines, which is a key determinant It would also be of interest to directly demonstrate
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that the redistribution of exogenously expressed GluR1 subunit does not significantly contribute to ordinary syn-
aptic transmission but instead is used as an enhancerin response to LTP induction protocol is representative
of synaptic transmission under special circumstances.of the movement of AMPA receptors as one would ex-
The GluR1 knockout mice illustrate the possiblepect. An alternative explanation is that the observed
mechanistic differences in NMDA receptor±dependentredistribution of exogenous GluR1 could be limited to
LTP expression between subregions of the hippocam-homomeric GluR1-GFP channels, whose formation might
pus. While LTP is absent in CA1, it is expressed in thebe promoted by the 3-fold overexpression. If the newly
dentate gyrus of GluR1 knockout mice, albeit at lowerdelivered receptors are composed of homomeric GluR1
levels than in controls (Zamanillo et al., 1999). In thesubunits, then one would expect a change in the recti-
dentate gyrus, therefore, the GluR1 subunit alone cannotfication properties of the synaptic responses and an
satisfy the requirement for LTP expression. Accordingly,increase in dendritic Ca21 influx. Confirmation of the
NMDA receptor±mediated currents are potentiated whencomposition of newly delivered receptors containing
an LTP induction protocol is applied in the presence ofGluR1-GFP and the distribution of endogenous GluR1
an AMPA receptor antagonist in the dentate (Hanse andand GluR2Ðthe major subunit that interacts with GluR1
Gustafsson, 1992). This result suggests the presence,and with NSFÐin response to LTP induction protocol
in the dentate gyrus, of a presynaptic component of LTPwould be useful.
expression: transmitter release is enhanced, altering bothLTP in GluR1 Knockout Mice
AMPA and NMDA receptor currents.While the report from Malinow's group addressed LTP
Another surprising facet of the Zamanillo et al. study
mechanisms by following the fate of GluR1-GFP during
is the lack of behavioral deficits in the GluR1 mutant
LTP, Zamanillo et al. (1999) have taken a complementary mice when tested for spatial memory in the water maze.
approach by generating mice deficient in GluR1. Mutant A popular strategy for testing LTP as a cellular basis
mice displayed normal viability, gross anatomy, and be- for hippocampus-dependent learning and memory has
havior. Also, despite the absence of one of the major been to demonstrate that the inhibition of LTP is accom-
AMPA receptor subunits, synaptic transmission in the panied by a corresponding defect in hippocampus-depen-
mutant hippocampus appeared comparable to that in dent spatial memory tasks. Results from transgenic ani-
wild-type mice. Nevertheless, LTP in the CA1 region of mals with alterations in enzymes that are thought to be
the hippocampus was greatly impaired in mutant mice essential for LTP have yielded much confidence in this
compared to that in wild-type animals; thus demonstrat- approach (Chen and Tonegawa, 1997). However, the
ing that GluR1 is required for LTP expression. report from Seeburg and Sakmann's groups illustrates
Is the block in LTP due to an inability of animals with- that NMDA receptor±dependent LTP in the hippocam-
out GluR1 to convert silent synapses, as suggested by pus may not be the obligatory long-term synaptic plas-
the work of Shi et al.? If that were the case, then two ticity needed for animals to learn and remember, at least
points require consideration. First, the fact that GluR1 for the water maze task.
confers mobility to AMPA receptors for converting silent In consideration of the fact that the GluR1 subunit
synapses suggests that, without GluR1, the proportion forms heteromeric complexes primarily with the GluR2
of silent synapses might be higher in mutant slices. As subunit, the consequences of GluR2 deletion would be
of interest in comparison to the GluR1 mutants. Remark-a result, the frequency of spontaneous AMPA responses
ably, GluR2 knockout mice display enhanced LTP. Theshould be reduced in the mutants. Second, the appar-
increase appears to be mainly caused by promoting theently normal hippocampal circuitry in the mutant animals
NMDA receptor±independent form of LTP in which Ca21-indicates that GluR1-dependent conversion of a silent
permeable AMPA receptors provide the rise in intracellu-synapse to an active synapse is not essential for syn-
lar Ca21. GluR2 mutant mice, however, exhibit multi-apse remodeling in the developing hippocampus. In
tudes of behavioral deficits, including poor performancecontrast, if the block in LTP represents indirect develop-
in spatial tasks (Jia et al., 1996).mental consequences of the mutation, then conditional
Future Prospectsmutants, in which GluR1 expression is prevented in the
What are the broader implications of these two reports?adult animal, should display normal LTP.
One feature of LTP is its reversibility: once established,In wild-type rat hippocampus, the majority of AMPA
application of low-frequency stimulus train can de-receptors are heteromeric complexes composed of
crease the synaptic strength. When applied to naive
GluR2 with either GluR1 or GluR3. In GluR1 knockout
synapyses (i.e., in fresh brain slices), such low frequency
mice, synaptic responses were normal and there were stimulation induces a long-lasting depression of synap-
no compensatory changes in the expression levels of tic responses known as long-term depression (LTD). If
either GluR or NMDA receptor subunits. It might then AMPA receptor insertion is the mechanism by which
be of interest to test which GluR subunit combinations LTP is expressed, its reversal might involve removal of
actually mediate synaptic AMPA responses in mutant AMPA receptors from the dendritic sites. In this case
mice. Curiously, in the GluR1 knockout mice, GluR2 ex- one might expect that LTD would also be impaired in
pression levels were increased in the soma and de- GluR1 knockout mice. Recent work from Malenka and
creased in the basal and apical dendrites. While this colleagues demonstrates that GluR1 subunits indeed
result suggests that pairing of GluR2 with GluR1 is re- move away from synaptic locations in response to LTD
quired for assembly and dendritic targeting of GluR1/R2 induction protocol in cultured hippocampal neurons
heteromeric AMPA receptors, it confounds the possible (Carroll et al., 1999). A decrease in the frequency of
composition of the channels in the postsynaptic densi- spontaneous miniature events indicated a reduction in
the number of functional synapses. The bidirectionalityties. An intriguing possibility would be that the GluR1
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In summary, these studies advance the case for silent
synapses in LTP but emphasize that we are still far
from identifying the cellular substrate for hippocampal-
dependent learning and memory. We continue to strug-
gle with the difficulty in devising a behavioral assay
that is solely dependent on the hippocampus without
knowing the precise function of the hippocampus in
rodents and lacking knowledge of the exact mecha-
nisms underlying LTP in the hippocampus. The answers
to these questions would simplify experimental schemes
that directly address the functional significance of LTP.
The good news is that the solution to the latter prob-
lemÐcellular and molecular mechanisms of LTPÐis
making headway. In particular, recent findings illustrate
the importance of cell biological approaches. Some of
the immediate problems concerning the postsynaptic
mechanisms of LTP are the basis for regulating the com-
position of AMPA receptors at synapses, their differen-
tial targeting to the postsynaptic density, and assembly
and maintenance of the postsynaptic receptors at the
postsynaptic density. Current findings do not rule out
a presynaptic contribution to LTP mechanisms; thus,
cellular and molecular studies probing presynaptic func-
tion also promise to be informative. Optimists as we are,
the cell biology of the synapse may provide the final
word on the long-standing controversy on the mecha-
nisms of LTP expression.
